, or with washed human red cells (Burnet, Stone & Edney, 1950) . Moreover, there was no demonstrable change in the subsequent response of the hatched chick to the corresponding antigen. Fox & Laemmert (1947) failed to detect antibodies to yellow fever virus in the embryo, but they observed antibody only in those chicks in which the virus persisted in the blood stream until hatching time. Response of the embryo to implanted tumour tissue did not occur before the 18th to 21st day of incubation (Murphy, 1913 (Murphy, , 1914 (Murphy, , 1916 ; Stevenson, 1917 Stevenson, , 1918 .
Although a wide variety of antigenic materials has been used in experiments to observe the capacity of the embryo and young chick to develop its own antibodies, the sera have been tested by techniques which only detect the presence of complete (divalent or multivalent) antibodies. While it is generally accepted that the mechanism for the production of complete antibodies is absent in the embryo and does not develop until later in life, it is not known whether the development of the antibody-producing mechanism passes through a stage when it can produce only incomplete antibodies in the embryo and newly hatched chick.
In the experiments recorded here, sera from embryos and young chicks have been tested for agglutinins and for non-agglutinating antibodies to Salmonella pullorurn, to observe whether the non-agglutinating antibody was produced at an earlier stage in development than the agglutinins.
MATERIALS AND METHODS
The methods of preparing suspensions of Sal. p~Z Z o~~ and of carrying out tests for agglutinins and non-agglutinating antibodies have already been described (Buxton, 1951 (Buxton, , 1952 . Suspensions of Sal. pullorurn for inoculation into developing embryos were washed twice in saline to remove all traces of ethanol and then resuspended to the required concentration. A fresh suspension was prepared for inoculating each batch of eggs.
Various routes of inoculation were employed, particularly the intravenous and yolk-sac methods, using the techniques described by Beveridge & Burnet (1946) . A 1-0 ml. all-glass syringe was used with No. 27 needle. The dosage was 0.1 ml. per embryo. In some experiments newly hatched chicks were infected orally and the dose for each chick consisted of 0.1 ml. of an 18 hr. broth culture of Sal. pullorurn in peptone broth.
The preparation and use of anti-livetin serum for the detection of nonagglutinating antibody in sera was described earlier (Buxton, 1952) .
RESULTS

Antibody production in the developing embryo
Initial experiments consisting of the inoculation of minute doses of live SaZ. pullorurn into developing embryos proved fatal on all occasions, and subsequently suspensions of killed bacteria were used.
Intravenous inoculation. Two unsuccessful attempts were made to demonstrate agglutinins and non-agglutinating antibodies in the sera of newly A . Buxton hatched chicks after they had been inoculated intravenously during incubation with killed Sal. pullorum. I n the first experiment twelve 11-day embryos each received 9 x lo7 organisms, and in the second experiment a similar number of 11-day embryos each received 46 x 109 organisms. Immediately after hatching the chicks were bled from the heart and the sera tested in dilutions beginning at 1/5. I n no case was any antibody demonstrable.
The observations of Sherman ( 1 9 1 9~) and of Polk, Buddingh & Goodpasture (1938) that complement could not be detected in embryo serum until at least the 17th day of inoculation, and also that a t about that time the embryo suddenly developed the ability to react to the implantation of foreign tissue, suggested that inoculation of bacterial antigen into the embryo on or after the 17th day of incubation might result in an antibody response which is not apparent after inoculation of antigen as early as the 11th day. Fifteen 19-day embryos were inoculated intravenously with approximately 9 x lo4 killed bacteria. Eight of these embryos hatched satisfactorily and their sera were tested at intervals during the subsequent 173 days. A group of healthy control eggs from the same source was incubated and hatched with the experimental eggs. Four control chicks were kept with the experimental ones and their sera tested. All chicks were kept strictly isolated throughout the experiment, during which time no antibodies were demonstrated in the sera of the controls. During the period of observation one experimental chick received a mechanical injury and had to be killed. The results are shown in Fig. 1 . As in previous trials no antibody was detected in the sera of experimental chicks immediately after hatching. At 20 days of age non-agglutinating antibody was demonstrable in five sera (l/lO, 1/20, 1/40, 1/20, 1/10). On the 34th day nonagglutinating antibody (1/80, 0, 1/240, 1/240, 1/40, 0, 1/160, 0) in two of five positive experimental sera showed a well-marked zone, extending in each case from dilutions of 1/40 to l/lSO. On the 72nd day the antibody had completely altered in character and all sera contained agglutinins a t dilutions of about 1/125 (1/80, 1/160, l / l O O , 1/160, 1/160, 1/160, 1/50). Thereafter, there was a marked fall in antibody titres. It was noticeable that at the final test on the 173rd day the non-agglutinating antibody demonstrable in all sera (1/40,1/20, 1/40, 1/80, 1/40, 1/40, 1/40) did not show any zoning as in earlier tests.
Yolk-sac inoculation. For antibody production to occur in the young chick as a result of inoculation of bacterial antigen in 000, the bacteria may have to maintain their antigenicity until such time as the defence mechanism of the chick has developed sufficiently to respond to the antigenic stimulus. Masurier, Branion & Marcellus (1946) found that in many chicks the yolk-sac was retained for a variable time after hatching. For these reasons a suspension of killed Sal. pullorum was inoculated into the yolk-sac of developing embryos to observe whether there was any antibody response by these embryos after hatching. Each of twelve 9-day old embryos was inoculated into the yolk-sac with approximately 23 x lo5 killed bacteria. Six chicks hatched successfully and were kept isolated for a period of 123 days, during which time serum samples were tested for agglutinins and non-agglutinating antibodies. Four uninoculated control chicks from the same source of eggs were hatched and kept with the experiniental chicks. Their sera remained negative throughout the period of observation. The results of this experiment are shown in Fig. 2 . As in the previous experiment, zoning of non-agglutinating antibody occurred before the peak of antibody production, which was delayed until about the 125th day after hatching. 
Antibody production in the young chick
Intraperitoneal infection. Ten 4-day healthy chicks were inoculated intraperitoneally with an 18 hr. broth culture of Sal. pullorurn. Each chick received a dose of approximately 2 x 107 organisms in 0.1 ml. of diluted culture. Three chicks died within a few days of inoculation and the sera from the remainder were tested a t intervals for agglutinins and non-agglutinating antibodies. A 4th chick died from a generalized infection of Sal. pullorurn soon after the 102nd day of the experiment. The results presented in Fig. 3 show that, as in the case of chicks which had received killed bacteria in OZIO, non-agglutinating antibody appeared first and rose to a higher titre than agglutinins. (Agglutinating antibody: 1/80, 1/80, 1/60, 111920, 1/40, 0, 1/1280. Non-agglutinating antibody: l/lOO, 1/320, 1/160, 1/3840, 1/160, 0, 1/8320.) Two chicks showed marked zoning of agglutinins on the 55th and 102nd days of the experiment. A similar experiment was repeated on four more chicks which survived intraperitoneal infection and the results are similar to those in Fig. 3 , namely that non-agglutinating antibody appeared first and increased to a higher titre than the agglutinins.
Oral infection. Each of ten chicks received a dose of approximately 2 x lo7 live Sal. pullorurn at one day of age, and their subsequent antibody production is shown in Fig. 4 . In general, antibodies consisted mainly of the non-agglutinating type and maximum titres were lower than those resulting from intraperitoneal inoculation of live bacteria. Nevertheless, the pattern of antibody response was similar to the previous experiment in two respects, namely, that non-agglutinating antibody was detected earlier than agglutinins and that it orally with Sal. pullorurn on the 1st day after hatching.
The effect of inoculation of antigen in ovo on the subsequent developent of antibodies in the chick Inoculation of living antigen intraperitoneally or orally into newly hatched chicks resulted in antibody production which was only demonstrable after a period varying from 11 to 30 days following inoculation. Similarly, the inoculation of killed antigen into the developing embryo under suitable experimental conditions also resulted in antibody production in the chicks which hatched from these eggs. After intravenous inoculation into the embryo on the 19th day of incubation, agglutinins were not uniformly produced by all the hatched chicks until they were at least 20-30 days old. During this lag phase between the time the embryos were inoculated and the time of appearance of antibodies in the hatched chicks' sera, the necessary conditions for the production of detectable antibodies must have been developed. In their theory on the development of marker recognition in embryonic life and its relationship to antibody production, Burnet & Fenner (1949) were of opinion that following a generalized non-fatal infection of the embryo in utero by a pathogenic micro-organism, the animal after birth would be incapable of responding by antibody production to injection or infection with the same type of micro-organism. Thus, if developing embryos were inoculated intravenously with killed Sal. pullorurn and after hatching the chicks were again subjected to contact with this antigen, the subsequent antibody production would be less than in chicks which had not previously been inoculated in OVO. The testing of this possibility was the object of the following experiments.
First ezperiment. A total of forty-five embryonated eggs laid by known healthy Brown Leghorns was divided into three groups of 15 eggs each. After Antibody production ifi avian embryos and chicks 403 9 days of incubation one group of eggs was inoculated in the yolk-sac with approximately 25 x lo4 killed Sal. pullorzcrn organisms suspended in 0.1 ml.
saline. After 15 days of incubation the second group of eggs was inoculated intravenously with a similar dose. The third group of 15 embryonated eggs was kept as uninoculated controls. After hatching, there was available a total of 10 chicks in the yolk-sac inoculated group, 8 chicks in the intravenously inoculated group, and 7 chicks in the control group. The groups were kept strictly isolated in a separate chick-rearing room and all groups were maintained under identical conditions of management. When the chicks were 27 days old their sera were tested for agglutinins and non-agglutinating antibodies. All were negative at 115 and upwards.
When 34 days old, each chick was infected orally with 0.1 ml. of an 18 hr. broth culture of Sa2. pullmurn. Subsequently the chicks were tested for antibodies at 54, 68, 90 and 118 days old. These tests showed (Fig. 5 ) the average serum titre for each group of chicks. By the 68th day (i.e. 34 days after infection) the average titres of agglutinins in the group which had previously been inoculated intravenously with antigen on the 15th day of incubation. There was little difference between the control group and the group previously inoculated with antigen into the yolks-sac on the 9th day of incubation, except that the non-agglutinating antibody titre of the control group was lower than that in the latter group. The results showed that under these experimental conditions the inoculation of bacterial antigen intravenously into developing embryos on the 15th day of incubation decreased the capacity of the hatched chicks to produce demonstrable antibodies after subsequent infection with live organisms at 34 days of age.
Second experiment. The apparent diminution of antibody response in hatched chicks to infection after preliminary intravenous inoculation in ovo with killed homologous antigen, might depend largely on the developmental stage of the antibody-producing cells in the embryo at the time of inoculation. The only immune responses ever observed in the avian embryo have been to the implantation of foreign tissue during the 18th to 2lst days of incubation. This, together with the appearance of complement on or after the 17th day, suggested on the basis of Burnet's hypothesis that during these last 4 or 5 days of incubation the balance of intracellular enzyme systems in the embryo becomes less labile and, therefore, more able to respond to the implantation of foreign tissue. At an earlier stage in development, however, the embryo may be able to adapt itself to the introduction of bacterial antigen and the demonstrable response of the hatched chick to subsequent contact with the same antigen might thereby be decreased. The following experiment was carried out in an attempt to confirm this view.
A group of 19 chicks was used; 6 had been inoculated with killed Sal. pullorurn on the 15th day of incubation, 6 on the 20th day, and the remaining '7 had been inoculated on both the 15th and 20th days of incubation. The inoculum was given intravenously and the dosage in each case was approximately 25 x 104 killed bacteria suspended in 0.1 ml. saline. The chicks were kept strictly isolated. On the 45th day after hatching, each chick was infected orally with 0.1 ml. of an 18 hr. broth culture of live Sal. pullorurn. Subsequently the sera were tested for agglutinins and non-agglutinating antibodies. The average serum titres for each group of chicks are shown in Table 1 is a striking contrast between the titres of those chicks which were originally inoculated on the 20th day of incubation, and those inoculated on the 15th or 15th and 20th days. The results of this and the previous experiment indicate that in order to demonstrate Burnet's hypothesis of embryonic adaptation t o antigenic material, it is necessary to inoculate bacterial antigen intravenously into the embryo before the 20th day of incubation. The 15th day of incubation was found satisfactory.
Third experiment. It was considered possible that under these conditions the degree of adaptation might depend on the size of the initial dose of antigen inoculated in o m , and that a dose in excess of the optimum might result in some of the inoculum remaining antigenically unaltered until the embryo had reached the stage in development when it could respond to the antigenic stimulus by the production of antibodies. This might be observed by either relatively high antibody titres in the hatched chicks when compared with uninoculated controls, or titres might be higher in those chicks after they had been subsequently challenged with a further dose of antigen than in ones which received only the initial dose in ovo. Preliminary experiments showed that the inoculation of a sufficiently large dose of killed bacteria was toxic to the embryo. For this reason four groups of embryos were inoculated and each received a dose of 25x lo7, 25 x lo6, 25 x lo5, or 25 x lo4 killed bacteria intravenously on the 12th day of incubation.
The total number of chicks hatched from these four groups were 14,10,12 and 12 chicks, respectively. When the chicks were 35 days old their sera were tested for agglutinins, and half the number of chicks in each group was infected orally with 0.1 ml. of an 18 hr. broth culture of Sal. putlorum. The uninfected chicks were isolated. A total of 16 control chicks, uninoculated in ovo, were also divided into two groups, one group being infected when 35 days old. The sera from all chicks were tested for agglutinins during the subsequent 80 days. The results are shown in Fig. 6 . Uninfected control chicks remained negative. There was no significant difference between the average titres of the groups of experimental chicks infected when 35 days old, and these titres were markedly lower than the corresponding average titres of the control infected chicks. The group receiving in ovo inoculation of 25 x lo5 organisms responded with an average maximum titre of 1/10 on the 36th day after infection. These results show that the intravenous inoculation of killed Sal. pullorurn into the developing embryo on the 12th day of incubation did not result in subsequent agglutinin production by the hatched chicks, and that such chicks when later challenged orally with live Sal. pullorurn produced markedly lower agglutinin titres than control infected chicks. Moreover, the range of doses of killed organisms inoculated in 080, resulted in no significant difference between the antibody response of the different groups of chicks.
DISCUSSION
The experimental results have shown that the inoculation of killed Sal. pullorurn into the avian embryo on the 11th day of incubation failed to stimulate the production of demonstrable antibodies in the newly hatched chicks;
and that similar inoculation of antigen on the 12th day of incubation did not result in agglutinin production by the chicks at least during the first 100 days after hatching. After the oral infection of 4-day chicks with Sal. pullorurn, antibodies were not detected until the chicks were 20-40 days old; maximum antibody production did not occur after intraperitoneal inoculation until the chicks were approximately 100 days old. These latter results correspond to those of Norton, Wolfe & Crowe (1950) who used crystalline beef albumin or undiluted beef serum as antigen, and who found that there was some correlation between the size of spleens in the young chicks and their capacity to produce demonstrable antibodies. The first appearance of detectable agglutinins a t relatively long intervals after administration of antigenic material is an indication of the time taken for the development of the antibody producing mechanism. There is some evidence, however, that the host reacts to the presence of antigen before the production of agglutinins. This reaction may take the form of the production of non-agglutinating antibody alone, or diminution of the hosts' ability to produce agglutinins after subsequent contact with the homologous antigen. The absence of agglutinins in the serum of young chicks which have previously been inoculated with bacterial antigen does not necessarily imply a total lack of antibody response by the host. On the contrary, the presence or absence of agglutinins may be only an indication of the state of development of the host's cells responsible for the production of antibodies. Burnet (1948) believed that the type of antibody produced might differ according to the type and stage of specialization of the cells responsible for its production. Brandt, Clegg & Andrews (1951) examined in detail the quantitative and qualitative change of serum globulin fractions during the young chick's development to maturity, and the results give some indication of the rate a t which maturation of the antibody-producing cells proceeds. They found that the values for globulin varied according to the age of the bird and that they increased from 0.74 g./lOo ml. in 4-to 'I-week-old chicks to 1.3 g./lOO ml. in laying hens. The values for albumin and B-globulin showed little variation. Thus, in the young chick a proportion of the globulin-producing cells is immature. In such cells which are undergoing development, the pattern of the balance existing between the intracellular enzymes may be in various stages of development towards the final form. According to Burnet & Fenner's theory, the lability of intracellular enzymes is lost as the young host matures, and is later replaced by a permanent balance which remains throughout adult life. Until this final balance is reached it seems improbable that contact between the cell and foreign antigen will stimulate the production of complete antibody molecules (i.e. agglutinins) in which each molecule possesses two or more combining sites.
Although the intravenous inoculation of bacterial antigen into developing embryos on or before the 15th day of incubation did not stimulate the production of antibodies in the hatched chick, the capacity of these chicks later in life to produce demonstrable antibodies, when challenged again with similar bacterial antigen, was diminished. In the opinion of Burnet & Fenner (1949) ' . . . the primary units (adaptive enzymes) on which antibody production is based, are modifications of enzyme systems primarily adapted to specific adaptation to one or other of the self-marker components of the body cells. When and only when, the specific adaptations occur, the marker is enzymatically destroyed without disturbance of intracellular equilibrium '. These primary units (adaptive enzymes) may be the only form of response which the embryo or newborn is capable of producing. Although the presence of primary units in sera would not be demonstrable by the customary in vitro techniques for the demonstration of antibodies, they may be responsible for the decreased capacity of the host to produce demonstrable antibodies to the particular antigen later in life, provided that the pattern of the enzymes can be adapted to fit the configuration of the substrate (i.e. the antigenic components of Sal. pullorum).
Burnet et al. (1950) were unable to demonstrate antibodies in chick embryos after inoculation in ooo of either influenza virus or bacteriophage. Moreover, the inoculation of these antigens did not alter the response of the hatched chicks to subsequent immunization with similar antigens. These results are at variance with those reported here using a bacterial antigen. Burnet and colleagues did not inoculate their experimental materials intravenously into the developing embryo; with Sal. pullorurn the intravenous route was the only one which yielded any response by way of a diminished ability of the young chick to produce antibodies later in life. On the basis of the theory already stated, it is reasonable to expect that early contact between developing cells of the embryo's reticulo-endothelial system and unaltered antigen are essential conditions for the demonstration of this phenomenon, and that these conditions would be maintained provided that the inoculations were made intravenously. The detection of antibody in Burnet's experiments required the production by the embryo of virus antihaemagglutinins and phage-inactivating antibodies. Each of these may be considered as complete types of antibody in that they appear as the result of an adult host's response to contact with the respective antigens and are the products of the stimulation of the mature reticulo-endothelial system. Under the experimental conditions described, if the embryos had responded by producing the equivalent of non-agglutinating bacterial antibodies or even primary units of antibody (adapted enzymes) these would not have been observed by the in vitro tests employed. A further difference between the experimental procedure of Burnet and those reported here is that in the former embryos were inoculated with living particles (virus, bacteriophage) and in the latter they received killed Sul. pullorurn. Basset (1951) and others emphasized that the intracellular existence of virus and bacteriophage may differ fundamentally in the process of antibody production from that which occurs with bacteria. Particles containing enzymes may be more resistant to enzyme attack than dead particles (Sevag, 1951) . In embryos in which enzyme systems are only partially developed the host may be unable to respond as effectively to a stimulus from living antigen as it can from dead antigen. In addition, the enzyme systems of living organisms such as viruses, adapt themselves to their environment (Monod, 1949;  Hinshelwood, 1946) so that the cellular enzymes of the young host, which are still in the developmental stage, must respond not only to the stimulus of the original inoculation of living particles, but also to possible adaptation of the particles themselves to their environment in the host. In contrast to the living antigenic materials used by Burnet, the intravenous inoculation of killed bacteria into the embryo resulted in a relatively sudden contact between the host's cells and antigen which is less resistant to attack by cellular enzymes. In addition, dead particles of antigen will be altered only as a result of responsive action by the host's cells which will not be modified by any enzyme activity of the antigen itself.
The experimental results have been discussed in relation to Burnet & Fenner's adaptive enzyme theory of antibody production. Pauling (1940) and Haurowitz (1949), however, are of opinion that antibody production can proceed only so long as antigen remains intact within the host's cells. Confirmation of this hypothesis can only follow the use of techniques which detect the presence of minute quantities of antigen in vivo. Limited evidence in favour of this theory has been produced by Herdegen, Halbert & Mudd (1947) , who worked with Shigella paradysenteriue, and by McMaster & Kruse (1951), who used labelled globulin as antigen. Moreover, it is considered by some that long-lasting immunity associated with virus diseases (e.g. smallpox, yellow fever, measles) may be due to the multiplication in the host of variants to these viruses which do not produce pathological symptoms. The evidence from experiments with Sal. pullorurn, however, appears to conform more nearly to the adaptive enzyme theory of Burnet, since the inoculation of antigen into the embryo on or before the 15th day of incubation not only failed to stimulate the production of antibodies in the hatched chick, which according to Pauling and Haurowitz suggests that the antigen had been destroyed, but it resulted in a subsequent diminished ability of the chick to produce antibody, possibly because of the adaptation of the host's intracellular enzymes to the antigen.
